Denosumab is a receptor activator of nuclear factor kappa-B (RANK) ligand inhibitor used in the treatment of osteoporosis. Blockade of RANK ligand prevents osteoclastic resorption of bone, but in doing so impairs the parathyroid hormone (PTH)-driven maintenance of serum calcium. A subsequent elevation of PTH remains active at sites other than bone, potentially lowering serum phosphate by inhibiting proximal tubular reabsorption. We present 2 patients who developed severe, symptomatic hypocalcemia after administration of denosumab. These patients provide an opportunity to describe the clinical course and treatment, including the need to consider a continuous calcium infusion, of severe, symptomatic hypocalcemia caused by denosumab.
Introduction
The homeostasis of calcium and phosphate is maintained by multiple hormones that act on the kidneys and bone [1] . Parathyroid hormone (PTH) exerts its effects on these organs to prevent hypocalcemia and hyperphosphatemia. Specifically, in the proximal tubules of the kidney, PTH prevents the reabsorption of phosphorus and enhances the production of 1,25-dihydroxy vitamin D production [2, 3] , while in the distal tubules it acts to decrease calcium excretion [4] . PTH also stimulates an increase in receptor activator of nuclear factor kappa-B (RANK) ligand molecules on osteoblasts, which subsequently bind RANK to both induce differentiation of hematopoietic precursors into osteoclasts and enhance survival of mature osteoclasts, thereby increasing efflux of calcium and phosphorous from bone [5, 6] . The associated increase in blood calcium exerts negative feedback on PTH production, maintaining homeostasis.
A RANK ligand inhibitor reduces the number of active osteoclasts, reduces bone turnover and increases bone mass. The biologic agent denosumab, a monoclonal antibody that inhibits RANK ligand, is an approved agent for the treatment of osteoporosis [6] . However, bone osteoclasts' resistance to PTH created through RANK ligand blockade can cause hypocalcemia [7, 8] . This leads to elevated PTH that continues to exert its effects on renal tubules, potentially lowering serum phosphorous. We present 2 patients with severe, symptomatic hypocalcemia and dramatic elevations of PTH following denosumab treatment for osteoporosis.
Case Report
Patient 1 is an 80-year-old woman with stage 3B chronic kidney disease (CKD) who received an inadvertent dose of denosumab 1 month after her regularly scheduled dose. Eighteen days following the second dose, the patient presented to the emergency department with severe weakness that prevented her from getting out of bed. She denied seizures, syncope, chest pain, or palpitations. Neurological exam revealed 4/5 strength in all extremities. Chvostek sign was absent. Chemistries revealed a serum total calcium of 4.2 mg/dL, magnesium 1.2 mg/dL, phosphorous 2.4 mg/dL, ionized calcium 0.56 mmol/L (normal 1.11-1.3 mmol/L), 25-hydroxy vitamin D 11.0 ng/mL (normal 30-100 ng/mL), and intact PTH was >3,639 pg/mL (normal 14-60 pg/mL). Her eGFR on admission was 31 mL/min/1.72m 2 , and her serum creatinine was 1.9 mg/dL (baseline between 1.5 and 2 mg/dL). Two months prior to admission she had a serum calcium of 9.2 mg/dL. ECG revealed prolonged QT interval of 479 ms and prominent T waves. These two changes caused the automated interpretation of the ECG to indicate a heart rate 133/min, while her clinicians interpreted the heart rate to be 75 (Fig. 1) .
Patient 2 is a 66-year-old woman with a history of Crohn's disease and an ileostomy. She presented to the emergency department with profound, debilitating weakness 22 days following her regularly scheduled dose of denosumab. She had received biannual treatments for 5 years at this point. Neurological exam revealed 5-/5 strength in all extremities. She exhibited mild psychomotor slowing. Chvostek sign was absent. Serum chemistries demonstrated a serum total calcium of 4.5 mg/dL, magnesium 1.6 mg/dL, phosphorous of <1.0 mg/dL, ionized calcium 0.89 mmol/L and intact PTH 2,356 pg/mL. 25-hydroxy vitamin D was 4 ng/mL. The last prior vitamin D measurement in our records was 2 years prior and measured <4.0 ng/mL. This measurement was drawn 2 weeks after a dose of denosumab was administered, and the importance of supplementation was reinforced to the patient at that time. This patient had no evidence of CKD with an eGFR of 101 mL/min/1.72m 2 and a serum creatinine of 0.7 mg/dL. It should be noted that patient 2 had a history of mild, asymptomatic hypocalcemia (with values ranging from 6.0 to 10.4 mg/dL) in the year prior to admission with an intact PTH ranging between 300 and 500 pg/mL and mildly low serum phosphorous levels. Vitamin D deficiency limiting intestinal phosphorous absorption and denosumab-induced elevated PTH levels causing phosphaturia would account for hypophosphatemia. Patients with vitamin D deficiency in the absence of denosumab treatment typically have mildly elevated PTH levels, though generally no higher than 110 pg/mL [9] . The laboratory findings upon admission of both patients are presented in Table 1 .
Patient 1 received two doses of 2 g of calcium gluconate IV followed by 320 mg of calcium gluconate per hour (4 g calcium gluconate in 500 mL D5W at 40 mL per hour) as a constant infusion. This infusion maintained serum calcium levels between 5.1 and 8.0 mg/dL and resolved the weakness and normalized QTc. Patient 2 received 2 g calcium gluconate IV every 6 h. Serum calcium checks ranged between 4.9 and 6.4 mg/dL.
Both patients received the same oral supplementation with 1 g of calcium carbonate four times daily, ergocalciferol 5,000 units daily, and calcitriol 1 µg twice per day. Both patients received 1-2 g magnesium sulfate IV for hypomagnesemia when indicated. Patient 2 also received oral phosphate supplementation. After stabilization, patients 1 and 2 were discharged on hospital days 4 and 8, respectively. They were discharged on a regimen of calcitriol capsules, calcium carbonate tablets, magnesium oxide supplements, and cholecalciferol capsules. In patient 1, we saw an increase in vitamin D level from 11.0 ng/mL on admission to 16.0 ng/mL 2 weeks later, and 36.0 ng/mL at a 3-month follow-up. Her phosphorous was 3.4 mg/dL at 3-month follow-up. She was noted to have continued PTH resistance 3 weeks following discharge (intact PTH remained >3,639 pg/mL and serum calcium was 6.2 mg/dL), but after 3 months PTH and total calcium normalized. Patient 2 saw an increase in vitamin D from 4.0 ng/mL on admission to 15 ng/mL at a 3-week follow-up, and an increase in phosphorous from <1.0 mg/dL to 3.1 mg/dL within a week of treatment. Her hypocalcemia resolved 3 weeks following discharge, and PTH level was not remeasured. Follow-up laboratory values for both patient 1 and 2 are found in Table 2 .
Discussion
Hypocalcemia is not a rare adverse event following the administration of denosumab. A study involving 2,841 patients receiving treatment with the drug found that 9.6% developed at least mild hypocalcemia, while 3.1% developed severe hypocalcemia, defined as serum calcium of <7.0 mg/dL and ionized calcium <0.9 mmol/L [10] . Patients with a low baseline GFR are at significantly increased risk for developing hypocalcemia while on denosumab, and the degree of decrease in GFR correlates with the degree of hypocalcemic severity [11] . The FREE-DOM trial demonstrated denosumab treatment to be effective in reducing fracture risk and did not find increased risk of adverse events in patients with GFR ≥30. There were too few patients to draw conclusions on increased risk of patients with GFR <30 [12] . Of our 2 patients, patient 1 has a diagnosis of stage 3B CKD with a GFR on admission of 31 mL/min. Her ionized calcium was 0.33 mmol/L lower than that of patient 2, and her intact PTH was higher. While this is likely due to patient 1 receiving an extra dose of denosumab, her decreased kidney function may be a contributing factor to her degree of hypocalcemia and increase in PTH.
It is well known that a secondary hyperparathyroidism develops in patients with CKD [13, 14] . The cause is multifactorial: low serum calcium arising from decreased 1,25-dihydroxy vitamin D production, elevated serum phosphorous decreasing the ionized calcium level and directly stimulating PTH production, and elevated fibroblast growth factor-23 (FGF-23) level possibly increasing PTH secretion [15] . Normally, PTH raises serum calcium by increasing calcium reabsorption in the distal nephron and liberating calcium by stimulating osteoclastic resorption of bone [1, 4] . Our 2 patients essentially lost this osteoclastic activation arm of PTHinduced calcium regulation, and this manifested as severe, symptomatic hypocalcemia even with normal kidney reabsorption. The distal tubular resorptive action of PTH was insufficient to keep ionized calcium in the asymptomatic range.
In addition to calcium homeostasis, PTH regulates serum phosphorous. PTH is a phosphaturic factor that decreases reabsorption in the proximal tubule and increases urinary excretion [2] . Renal phosphorous excretion offsets the rising serum levels caused by PTH-driven bone resorption [16] . Patients with primary hyperparathyroidism exhibit mild reductions in serum phosphorous levels [17] . However, denosumab induces a PTH resistance specific to the bone, and the increasing PTH levels cause increased phosphorous excretion in the absence of osteoclastic liberation of bone phosphorous, overall leading to hypophosphatemia. Hypophosphatemia (defined as less than the lower limit of normal) has been shown to occur in 2.1% of patients treated with denosumab [9] . This is evident in patient 2. On admission, her serum phosphorous was <1.0 mg/dL, no doubt exacerbating her weakness. Her intact PTH was 2,356 pg/mL, presumably enough to cause phosphaturia. In addition, her vitamin D deficiency, presumably due to Crohn's disease and malabsorption, contributed to the hypophosphatemia. In contrast to patient 2, patient 1 presented with even higher PTH levels yet maintained a normal serum phosphorous of 2.4 mg/dL. Stage 3B CKD is the likely explanation [18] . While CKD may predispose patients receiving denosumab to hypocalcemia [10, 19] , it seems reasonable that it has a protective effect against hypophosphatemia, as is evidenced by our case as well as others [20, 21] .
The calcium lowering effect of denosumab requires that patients receiving treatments be supplemented with calcium and vitamin D, as does the standard treatment of osteoporosis requires calcium and vitamin D supplementation. Patients receiving denosumab monotherapy show at least a minor decrease in serum calcium, as would be expected, but patients receiving concurrent calcium and vitamin D supplementation show no such decrease [22] . The FDA recommends 1,000 mg calcium and 400 IU of vitamin D daily with denosumab treatments, and any preexisting hypocalcemia to be corrected prior to initiation of therapy [23] . Our patients were prescribed adequate supplementation. However, patient 2 was noted to exhibit vitamin D deficiency during treatment that, although supplemented, never normalized. No strict rule exists on vitamin D status at treatment initiation, only that supplementation is begun. Patient 2 provides evidence that correction of vitamin D deficiency should be addressed prior to denosumab administration.
Finally, we will discuss the treatment of severe hypocalcemia. For patients with symptoms or an ionized calcium of <0.7 mmol/L, one author recommends 1-2 g of calcium gluconate over 10 min followed by an infusion of 0.3-2 mg/kg/h for several hours [24] . A more recent study of 8 patients with moderate to severe hypocalcemia (ionized calcium <1.0 mmol/L) admitted to a trauma intensive care unit found that treatment with 2-4 g (based on body weight) of IV calcium gluconate infused at 1 g/h was only effective in normalizing serum ionized calcium in 3 of the 8 patients, and 1 developed mild hypercalcemia. They concluded that the individual response to calcium therapy is highly variable [25] . The current texts cite Cooper who states that acute hypocalcemic crisis be treated with an initial bolus of one or two 10 mL ampules of 10% calcium gluconate diluted in 50-100 mL of 5% dextrose and infused over 10 min. Subsequently, ten 10 mL ampules of 10% calcium gluconate diluted in 1 L of 5% dextrose may be given at an initial infusion rate of 50 mL/h, attempting to maintain serum calcium at the lower end of the normal range [26] . Our review of the literature for accepted guidelines yielded an online publication by the British-based Society for Endocrinology [27] .
Our approaches follow the general ideas outlined above and allow us to compare bolus treatments with a constant infusion. Patient 1 was given initial boluses with two doses of 2 g IV calcium gluconate within an hour of each other followed by administration of 320 mg of calcium gluconate per hour (4 g calcium gluconate in 500 mL D5W at 40 mL per hour) which maintained her serum calcium between 5.1 and 8 mg/dL and resolved her weakness. Patient 2 received a similar initial bolus of two doses of 2 g IV calcium gluconate within an hour followed by 2 g calcium gluconate IV Q 6 h which maintained her calcium between 4.9 and 6.3 mg/dL. In comparison, the constant infusion given to patient 1 maintained higher serum calcium levels, improved weakness, and resulted in earlier discharge relative to patient 2. Of note, the serum calcium of patient 1 did reach a level of 8.0 mg/dL, indicating a need to be cognizant of the potential for iatrogenic hypercalcemia on a constant calcium infusion. On admission, the patients began oral supplementation with 1 g of calcium carbonate four times daily, ergocalciferol 5,000 units daily, and calcitriol 1 µg twice per day. Patient 2 continued oral calcium carbonate, and both patients continued magnesium and vitamin D supplementation following discharge. At a 3-month follow up, patient 1's serum calcium finally reached normal. At a 3-week follow up, patient 2's serum calcium was normal. The difference in time to complete resolution was attributed to patient 1 receiving an inadvertent dose of denosumab which has a half-life of 25-30 days [28] .
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